We have used antisense oligonucleotides and expression vectors to inhibit human eytomegalovirus (HCMV) major immediate early (IE) gene expression. We find that oligonucleotides complementary to the HCMV 72K IE protein (IE1) coding region do inhibit HCMV infection, but this is non-specific. However, the use of certain antisense expression vectors, which express short oligonucleotides complementary to IE1, specifically inhibits IE1 expression at the protein level after introduction of IE expression vectors into cells or after HCMV infection.
We have used antisense oligonucleotides and expression vectors to inhibit human eytomegalovirus (HCMV) major immediate early (IE) gene expression. We find that oligonucleotides complementary to the HCMV 72K IE protein (IE1) coding region do inhibit HCMV infection, but this is non-specific. However, the use of certain antisense expression vectors, which express short oligonucleotides complementary to IE1, specifically inhibits IE1 expression at the protein level after introduction of IE expression vectors into cells or after HCMV infection.
Human cytomegalovirus (HCMV), a member of the herpesvirus family, is a ubiquitous pathogen and up to 60 % of populations are seropositive for the virus (Alford & Britt, 1990) . As with all herpesviruses, productive infection results in a regulated cascade of viral gene expression in three major phases operationally defined as immediate early (IE), early and late (Wathen & Stinski, 1982) . IE genes are known to regulate early and late gene expression (for review, see Stamminger & Fleckenstein, 1990) as well as cellular gene expression (Santomenna & Colberg-Poley, 1990; Hagemeier et at., 1992) , probably in order to maintain favourable conditions for viral DNA replication. The most abundant IE transcripts originate from an area of the genome termed the major IE region (Stinski et al., 1983) . The primary transcript from this region is under the control of the strongest known enhancer (Boshart et al., 1985) and is differentially spliced to generate two major protein products at IE times, the 72K IE1 protein and the 80K IE2 protein (Stenberg et al., 1985) . These proteins are probably indispensable for virus infection and trans-regulate viral (Malone et al., 1990; Pizzorno et al., 1988; Cherrington & Mocarski, 1989) as well as host gene expression (Santomenna & Colberg-Poley, 1990; Hagemeier et al., 1992) . Consequently, they play a pivotal role in controlling virus infection. Unfortunately, to date, it has not been possible to generate mutants of essential genes of HCMV. Consequently, a genetic analysis of IE1 and IE2 is not possible. Recently, however, techniques for generating phenotypic mutations have been devised using antisense DNA and RNA inhibition to block expression of genes at the level of RNA splicing, transport and mRNA translation (for review, see Weintraub, 1990) . Antisense oligonucleotides have been used successfully to block viral gene expression as well as replication (Zamecnik et al., 1986; Smith et al., 1986; Matsukura et al., 1987; Stevenson & Iversen, 1989) and antisense RNA expression has also been successfully employed to block human immunodeficiency virus type 1 replication (Joshi et al., 1991) . We have, therefore, attempted to block expression of the HCMV major IE1 protein by antisense inhibition. Initial attempts to inhibit HCMV IE expression specifically by using antisense phosphorothioate-derived oligonucleotides complementary to the IE1 ATG start site and to the exon 2/intron boundary of IE1 were unsuccessful (data not shown). Although both antisense oligonucleotides did inhibit IE1 expression, as determined by indirect immunofluorescence, this was not specific as even the control random oligonucleotide showed the same level of inhibition (data not shown).
Consequently, we attempted to inhibit IE expression by using antisense RNA expression. We synthesized an oligonucleotide antisense to the start of exon 2 and the start of exon 3 (gatccTGTCTCGGGCAAGGACGGTGAg) which contained 11 bp complementary to the start of exon 2 followed by 10 bp complementary to the start of exon 3 (for sequence analysis, see Akrigg et al., 1985) flanked by BamHI linkers (shown in lower case). An oligonucleotide complementary to this was also synthesized and both were annealed and cloned into the chloramphenicol acetyltransferase (CAT)-deleted expression vector pIEPlcat (Kothari et al., 1991) which places this short DNA sequence under the control of the HCMV major IE promoter/enhancer and uses the 3' polyadenylation signal of IE1 to maximize expression. This antisense vector (pIEP2/3) contains no translation products of the IE1 coding region. Each vector was fully sequenced to confirm the orientation of the inserted double-stranded oligonucleotide so as to ensure the expression of antisense transcripts. major IE p r o m o t e r / e n h a n c e r (Pizzorno et al., 1988) .
Similarly, p i E 2 / 3 also drastically reduces IE1 expression after infection o f cells with 0.5 p.f.u./cell of H C M V (lane 5). This inhibition is not observed if the equivalent sense vector (lanes 4 and 7) or a vector containing no oligonucleotide insert (lanes 3 and 6) is used. Also, it is clear from lane 2 that the anti-IE1 monoclonal antibody used in this study does not recognize any protein product expressed from the p i E 2 / 3 expression vector.
In order to determine whether this decrease in levels of IE1 expression resulted from a general lowering in the levels of all cells expressing IE1 or a reduction in the number of IEl-expressing cells in the population, we next analysed IE1 inhibition by indirect immunofluorescence. Fig. 2 shows that electroporation of the antisense vector p i E 2 / 3 into fibroblast cells together with the IE1 expression vector m p l 7 (Fig. 2a) or followed by superinfection with H C M V (Fig. 2b) results in an apparent reduction in the number o f infected cell nuclei expressing IE1 and not a general decrease in levels o f IE1 expression in all nuclei. This was specific for H C M V IE 1 as expression o f this vector followed by superinfection by herpes simplex virus (HSV) type 1 (10 p.f.u./cell) does not result in inhibition of HSV infection as determined by antibody detection of ICP4, an IE gene product o f HSV-1 (Fig. 2c) .
We have shown that antisense vectors that express short R N A s complementary to exon 2/3 sequences o f H C M V IE1 are able to inhibit IE1 expression at the protein level after transfection of a genomic clone expressing IE1 or after infection with H C M V . The inhibition of IE 1 expression by p i E 2 / 3 observed appears to reflect a reduction in the number o f cells within the population expressing IE 1 rather than a general lowering of IE1 expression in all cells. This inhibition is also specific for IE1 as the IE1 antisense expression vector does not inhibit expression o f HSV-1 IE proteins after HSV-1 infection. We do not know at what stage of gene expression this inhibition occurs. Antisense R N A inhibition has been shown to block splicing, transport and translation (Weintraub, 1990) . However, as the p I E P 2 / 3 expression vector also blocks expression o f IE1 after transfection of an IE1 c D N A expression vector (data not shown), we think it likely that inhibition occurs at the transport and/or translation of IE1 RNA rather than at the level of its splicing. The use of such antisense inhibition, especially after stable introduction of such antisense vectors into established fully permissive cell lines such as U373 cells, may permit the generation of phenotypic mutants of essential HCMV genes to allow an analysis of their function during infection and pathogenesis.
We thank Brian Rogers and Gary Hayward for reagents. This work was supported under the SmithKline Beecham Collaborative Award.
